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ABSTRACT

Various plasmonic structures in the form of electrochromic
optical switches are described which exhibit relatively high
optical switching contrast. The switches generally include a
collection of nanoslits formed in a thin electrically conductive
film. An electrochromic material is disposed on the conduc-
tive film and along the sidewalls of the nanoslit(s).

CE| |RE

WE

Au




.

e

FIG. 1A

|WE

FIG. 1B



Patent Application Publication Aug. 8,2013 Sheet 2 of 12 US 2013/0201544 A1
REFERENCE
SAMPLE B SAMPLE A
1.0 10
0.5 0.5
< <
_ 00' B g y -_‘ 00' PO g
—--1CYCLE ---1CYCLE
054 ----6 CYCLES 051 ----6 CYCLES
' —51CYCLES ' —51CYCLES
Aoxto3 0 | ._300 ICYCLES 40103 | ._300 ICYCLES
08 -04 00 04 038 08 04 00 04 08
POTENTIAL (V vs. SSE) POTENTIAL (V vs. SSE)
REFERENCE
SAMPLE B 10 SAMPLE A
S 081
]
S 0.6
=
[92)]
= 04 51 CYCLES z
= 0.2- = 02-
004 : : : ) 004 : : —
08 -04 00 04 0.8 08 04 00 04 0.8
POTENTIAL (V vs. SSE) POTENTIAL (V vs. SSE)
REFERENCE
SAMPLE B

FIG. 2E

SAMPLE A



Patent Application Publication Aug. 8,2013 Sheet3 of 12 US 2013/0201544 A1

1.0
\
08 -
06 -
A SAMPLE A
- o SAMPLEB
Q
0-0 j&l 1 1 1 I 1 T 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
0 100 200 300

# DEPOSITION CYCLES

FIG. 3






Patent Application Publication Aug. 8,2013 Sheet 5 of 12 US 2013/0201544 A1

1 L
16001 - i Au
sraoof W G N mh ¢ "
e
2 1200 ooolh ©
= 1000 N
S 800 0 500 1000 1500 2000

0 200 400 600 \ \\' ENERGY (eV)

S20{fAu
S 300\
Sl C
< 1800-
S 180!
812000 200 400 600 800 S 0]
ENERGY (eV) 0 200 400 600 800
ENERGY (eV)
N &




Patent Application Publication

Aug. 8,2013 Sheet 6 of 12

US 2013/0201544 A1

10

PB (200)

20

PB

50 —Mm

(400)

30

26 (deg)

Au (111)

40 50

FIG. 6

60



Patent Application Publication

Aug. 8,2013 Sheet 7 of 12

US 2013/0201544 A1

: SOLUTION

FERROCYANDE - & "} 6330m.

~SOLUTION

FERROCYANIDE.H PR,

: k0—633nm

=T (@) ]

ﬁ 137+1 5. :
GLASS

16 A e =0 04 (a0

A




Patent Application Publication

CHARGE DENSITY pC/cm2

400 ¢

Aug. 8,2013 Sheet 8 of 12

PB/PW CHARGE DENSITY ON GOLD

US 2013/0201544 A1

350
300
250
200
150
100

50;

Y =MO+M1*X

MO

2.2333

M1

4.0003

R [0.99306

12.7 ng/CYCLE

20 40 60

CYC

LE #

FIG. 8

80 100

120



Patent Application Publication Aug. 8,2013 Sheet9 of 12 US 2013/0201544 A1

100 25 g /
e R N O R Pt

30 —\ | R s e
Hid (

20 /‘\_/




Patent Application Publication Aug. 8,2013 Sheet 10 of 12 US 2013/0201544 A1

10 = L___.__;l-..—_,._'\ L L L S 10 1 I i
~ i = AARPECOS A
=081 e, 5 081 OAU-NECOS , -
= [ s
= 064 ! S 0.61
= 087___aupECoS! = A
=044 Au-NECOS; o 044 A -
2 ! = A
< (.2 | = 0.2 -
et 3 0ol B
00 - T T T T T T © 00 L T T T T T T ]
0 5 10 15 20 25 30 0 5 10 15 20 25
TIME (s) THICKNESS (nm)
/_\20“: ||||| | NI A A | N A | I A ’30.015_---I--..I....I....I....OI_
S P A AU-PECOS
(A w OAu-NECOS 4
2 o_ Au-NECOS, T=14ms = 0.010- o A
o o) o
w =
w 201 5 00051 Q Ra
|_
Q2 Au-PECOS, T=9ms =
40 7] j@
B 0'000 LENLEEL I LR AL L L L L L LN LR LA AL |
000 004 008 0.2 5 10 15 20 25
TIME (s) THICKNESS (nm)

FIG. 10C FIG. 10D



Patent Application Publication Aug. 8,2013 Sheet 11 of 12 US 2013/0201544 A1

200

30— T

20 —H




Patent Application Publication Aug. 8,2013 Sheet 12 of 12 US 2013/0201544 A1

P=390nm

TRANSMITTANCE (a.u.)
|
('n'e) IONVLLIWSNYYL

P=240nm

/

400 500 600 700 400 500 600 700
WAVELENGTH (nm) WAVELENGTH (nm)

FIG. 12




US 2013/0201544 Al

PLASMONIC ENHANCEMENT OF
MATERIAL PROPERTIES

CROSS REFERENCES TO RELATED
APPLICATIONS

[0001] This application claims priority from U.S. provi-
sional application Ser. No. 61/594,417 filed on Feb. 3, 2012.

FIELD

[0002] The present subject matter relates to enhancement
of optically active materials deposited in subwavelength slits
and other geometries such as used in certain plasmonic struc-
tures. More specifically, the present subject matter relates to
enhancing material properties of electrochemical plasmonic
structures, and particularly those used in electrochromic
applications. The present subject matter also relates to elec-
trochromic devices using plasmonic structures.

BACKGROUND

[0003] The understanding and control of the interaction of
light with matter is fundamental to science and technology.
Such an understanding has led to the development of lasers
and optical fibers which form the backbone of modern com-
munication systems. In addition, significant advances in
nanofabrication techniques over the last few years have made
it possible to fabricate sophisticated optical devices with
greater functionality at subwavelength dimensions. However,
active control of light propagation at subwavelength scales
still remains a challenge.

[0004] During the last decade there has been tremendous
interest in using optical devices based on surface plasmon
polaritons (SPPs) for subwavelength control of light. SPPs
are collective charge oscillations coupled to an external elec-
tromagnetic field that propagate along an interface between a
metal and a dielectric. It is the mixed nature of SPPs and their
dependence on the index of refraction of the dielectric
medium facing the metal which forms the basis for their
application in chemical and biological sensing, a technique
broadly known as surface plasmon resonance (SPR) spectros-
copy. In addition, active control of SPPs has previously been
demonstrated by purely mechanical means, electro-mechani-
cal transduction or by manipulating the dielectric refractive
index either optically or electrically using liquid crystals,
quantum dots, nonlinear optical materials or photochromic
dyes. The weak nonlinearity of the metal itself has also been
utilized in planar or nanostructured geometries for ultrafast
active plasmonic applications. However, the various
approaches explored to date to modulate light transmission
using SPPs either require large pump fluences (several
ml/cm?), relatively high switching voltages (>10 V), multiple
control wavelengths, or achieve only modest values (<70%)
of optical switching contrast (defined herein as the change in
transmitted optical intensity modulated between its highest
and lowest values, normalized to its highest value).

[0005] In addition to devices exploiting propagating SPPs,
there has also been strong interest in recent years in applica-
tions based on stationary charge-oscillation resonances in
metallic nanostructures known as localized surface plasmons
(LSP). For example, active tuning of LSP resonances has
been demonstrated in the case of Au nanoparticles imbedded
in a conducting polymer matrix, by electrochemically chang-
ing the electronic state of the polymer. Compared to nanopar-
ticle-based devices sustaining stationary L.SP resonances,
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however, metallic cavity waveguide devices sustaining
propagating SPPs readily offer the advantages of both deep-
subwavelength mode confinement and increased interaction
length with active materials.

[0006] Although satisfactory in many regards, a need
remains for a new strategy by which characteristics of plas-
monic structures can be enhanced. And, in particular, a need
exists for improved plasmonic structures as utilized in elec-
trochemical applications and devices.

SUMMARY

[0007] The difficulties and drawbacks associated with pre-
viously known technologies are addressed in the present sub-
ject matter relating to plasmonic structures, electrochromic
devices using such structures, and methods for improving the
performance of plasmonic structures.

[0008] Inone aspect, the present subject matter provides a
plasmonic structure comprising a substrate, and an electri-
cally conductive film disposed on the substrate. The film
defines an outer face, and at least one nanoslit extending
through at least a portion of the thickness of the film. The
nanonslit defines opposing sidewalls. The plasmonic struc-
ture also comprises an effective amount of an electrochromic
material disposed on the sidewalls of the nanoslit.

[0009] In another aspect, the present subject matter pro-
vides an electrochromic device comprising a fluid medium in
the form of an electrolyte. The device also comprises a plu-
rality of plasmonic structures. Each plasmonic structure
includes (i) a substrate, (i) an electrically conductive film
disposed on the substrate, the film defining an outer face and
atleast one nanoslit extending through at least a portion of the
thickness of the film, the nanoslit defining opposing side-
walls, and (iii) an effective amount of an electrochromic
material disposed on the sidewalls of the nanoslit. Each of the
plurality of plasmonic structures are exposed to, and in con-
tact with, the fluid medium along the outer face and within the
nanoslit of the switch.

[0010] In yet another aspect, the present subject matter
provides a plasmonic electrochromic optical switch compris-
ing a substrate and a layer of an electrically conductive mate-
rial disposed on the substrate. The layer of electrically con-
ductive material defines a top face. The layer of electrically
conductive material is selected from the group consisting of
gold, silver, aluminum, indium tin oxide, and combinations
thereof. The switch also comprises at least one nanoslit
defined in the layer of electrically conductive material. The
nanoslit extends through at least a portion of the thickness of
the electrically conductive material. The nanoslit defines
opposing sidewalls. The switch also comprises a layer of an
electrochromic polymer disposed on the top face of the elec-
trically conductive material and on the nanoslit sidewalls.
And, the switch additionally comprises an electrolyte in con-
tact with the layer of the electrochromic polymer and dis-
posed between the opposing sidewalls of the nanoslit.
[0011] In still another aspect, the present subject matter
provides a method of improving performance of a plasmonic
device utilizing an electrically conductive film disposed on a
substrate. The method comprises forming at least one nanoslit
in the electrically conductive film. The nanoslit defines
opposing sidewalls. And, the method also comprises depos-
iting an effective amount of an electrochromic material on the
sidewalls of the nanoslit.

[0012] As will be realized, the subject matter described
herein is capable of other and different embodiments and its
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several details are capable of modifications in various
respects, all without departing from the claimed subject mat-
ter. Accordingly, the drawings and description are to be
regarded as illustrative and not restrictive.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013] FIG. 1A is an SEM image of a nanoslit in accor-
dance with the present subject matter fabricated in a 250 nm
thick Au film on fused silica using focused ion beam (FIB)
milling.

[0014] FIG. 1B is a schematic of an electrochemical cell
integrated with a nanoplasmonic device for transmission
measurements used in evaluating the present subject matter.
[0015] FIGS. 2A-2D are a series of four cyclic voltammo-
grams of K,Fe(CN), in 0.1 M HCIO, solution collected with
(a) 30 nm thick unpatterned reference gold electrode (refer-
ence Sample B) and (b) nanoslit patterned 250 nm thick gold
electrode (Sample A in accordance with the present subject
matter).

[0016] FIGS. 2E-2F are SEM images of the reference
sample B after 300 cycles and Sample A ofthe present subject
matter after 51 cycles, respectively.

[0017] FIG. 3 is a graph showing switching contrasty as a
function of number of cycles extracted from the transmission
measurements of samples A and B in FIGS. 2A-2D.

[0018] FIG. 4 is a scanning electron microscope (SEM)
image of a sample of a sputtered Au film on a glass substrate,
incorporating two FIB milled slits of a width of approxi-
mately 50 nm in accordance with the present subject matter.
[0019] FIG. 5 is an Auger electron microscope image of a
sample of a sputtered Au film on a glass substrate, incorpo-
rating two FIB milled slits of width of approximately 50 nm
in accordance with the present subject matter.

[0020] FIG. 6 is an x-ray diffraction pattern of a sample of
a 50 nm thick Au film on glass after 300 cycles of Prussian
Blue deposition.

[0021] FIG. 7 illustrates sample and illumination geom-
etries used for two dimensional finite difference time domain
(FDTD) simulations of transmission through a nanoslit filled
with Prussian Blue nanocrystals during switching in accor-
dance with the present subject matter.

[0022] FIG. 8 is a graph of charge density versus cycle
number for assessing charge density on gold.

[0023] FIG. 9A is a schematic diagram of a plasmonic
electrochromic optical switch incorporating Au (“Au-PE-
COS”) in accordance with the present subject matter.

[0024] FIG. 9B is a scanning electron micrograph of a
surface of the Au-PECOS device before (top) and after (bot-
tom) deposition of polyaniline to a thickness of d=15 nm.
[0025] FIG. 9C is a schematic diagram of a reference non-
plasmonic electrochromic optical switch (“Au-NECOS”).
[0026] FIG. 10A is a graph of transmitted light intensity
versus time for, respectively, Au-PECOS (dashed line) and
reference Au-NECOS (dotted line) structures coated with an
approximately 25 nm thick polyaniline layer, given step tran-
sition in applied voltage at t=15 s, from —-0.2 V (clear) to 0.3
V (absorbing) state.

[0027] FIG. 10B is a graph of switching contrast y versus
polyaniline thickness for Au-PECOS (triangle symbols) and
Au-NECOS (circle symbols) structures. The black line is an
exponential fit to Au-NECOS data.

[0028] FIG. 10C is a graph of transmitted light intensity
(measured using a photodiode) versus time for Au-PECOS
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and Au-NECOS devices, each coated with approximately 15
nm thick polyaniline films (under voltage switching condi-
tions of FIG. 10B).

[0029] FIG. 10D is a graph of switching speed T for each
device versus polyaniline film thickness (Au-PECOS is rep-
resented by triangle symbols, Au-NECOS is represented by
circle symbols).

[0030] FIG. 11 is a schematic diagram of a plasmonic elec-
trochromic optical switch incorporating Al (“Al-PECOS”) in
accordance with the present subject matter.

[0031] FIG. 12 is normalized optical transmission spectra
of Poly(ProDOT-Me, ) coated Al-PECOS devices (each occu-
pying an area of 10 umx10 um) with respective values (bot-
tom to top) of slit period P=240, 270, 300, 330, 360, and 390
nm, along with corresponding optical micrographs of device
areas imaged in transmission. Transmission spectra and
micrographs for both “on” (left) and “off” (right) states of the
polymer are displayed. The black dashed line in the left trans-
mission spectrum panel indicates wavelength of peak trans-
mission.

DETAILED DESCRIPTION OF THE
EMBODIMENTS

[0032] The present subject matter involves enhancement of
optically active materials deposited in a subwavelength nano-
plasmonic slit. The basis for improvement stems from the
orthogonalization of the light path from the current and ionic
diffusion paths. This allows the light coupled to plasmons,
Surface Plasmon Polaritons (SPPs), to travel through more
material while maintaining the physical properties of a thin-
ner film. The increased spatial overlap of the SPP and the
dielectric material as well as the increased propagation length
of the SPP through the slit improve performance. The SPP
properties can be tuned by varying the plasmonic structure or
the dielectric deposited on the plasmonic material.

[0033] Generally, the present subject matter provides a
plasmonic structure which can be utilized in a wide range of
applications, systems, and methods. The plasmonic structure
comprises a substrate and an electrically conductive film dis-
posed on the substrate. The film has one or more nanoslits
extending through the film. As described in greater detail,
herein, the nanoslits can extend partially through the thick-
ness or entirely through the thickness of the film. The nanoslit
(s) define opposing sidewalls. The plasmonic structure also
comprises an effective amount of an electrochromic material
disposed in the nanoslit, and particularly on the sidewalls of
the nanoslit.

[0034] The substrate used in the plasmonic structure can be
formed from a wide array of materials such as but not limited
to fused silica, fused quartz, and glass. It is also contemplated
that the substrate can include other materials such as but not
limited to silicon oxide, silicon, gallium arsenide, aluminum
oxide, metal oxide, or other suitable material(s). For many
optical applications, it is preferred that the substrate be
formed from silica, quartz, and/or glass.

[0035] The electrically conductive material in the plas-
monic structure serves as the plasmonic material and thus can
be formed from any suitable material for the intended device
or application of the plasmonic structure. Typically, suitable
materials for the electrically conductive material include but
are not limited to gold, silver, aluminum, indium tin oxide
(ITO), other conductive metals and alloys, certain electrically
conductive polymers, and combinations thereof. Typically,
the electrically conductive material is gold.
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[0036] The thickness of the electrically conductive film is
typically from about 50 nm to about 500 nm. For many
applications, a thickness of 250 nm is preferred. However, it
will be appreciated that the present subject matter includes
the use of a wide range of thicknesses for this film in the
subject plasmonic structures, such as thicknesses less than 50
nm and greater than 500 nm.

[0037] The particular configuration and dimensions of the
nanoslit(s) used in the plasmonic structures depend upon the
intended application and operating characteristics desired.
However, for many applications, a nanoslit width, i.e dimen-
sion between opposing sidewalls of the nanoslit, is from
about 10 nmto about 100 nm, with a preferred width of 50 nm.
It will be understood that the present subject matter includes
widths greater than 100 nm, and less than 10 nm. Moreover,
it will also be understood that the nanoslits may be in a wide
array of forms besides a linear form as shown and described
in greater detail herein in conjunction with FIG. 1A.

[0038] Nearly any electrochromic material suitable for the
intended application can be utilized in the plasmonic struc-
tures of the present subject matter. Generally, electrochromic
materials exhibit a reversible change in absorbance, reflection
or transmission of electromagnetic radiation (e.g., any one or
more of ultraviolet, visible, infrared, microwave, etc.). This
change in absorbance can be induced by an electrochemical
oxidation-reduction reaction. A preferred electrochromic
material is Prussian Blue, and is described in greater detail
herein. However, the present subject matter includes a wide
range of other electrochromic materials such as, but not lim-
ited to, oxides of the transitional metals such as tungsten,
niobium, vanadium, titanium, tantalum, nickel, and others, as
well as polyaniline, polythiophene, and others. In certain
applications, particular electrochromic polymers can be used.
An example of an electrochromic polymer is the previously
noted polyaniline. Another example of an electochromic
polymer which can be used in certain versions of the present
subject matter is poly(2,2-dimethyl-3,4 propylenediox-
ythiophene) (Poly(ProDOT-Me,)). Additional examples of
electrochromic materials include, but are not limited to tran-
sition metal oxides (e.g., tungsten oxide), viologens (1,1'-
disubstituted-4,4'-bipyridinium salts), inorganic transition
metal complexes (e.g., iron(Ill) hexacyanoferrate(Il)) and
conjugated conducting polymers (e.g., polythiophenes, poly-
alkylenedioxythiophenes, polypyrroles, polyalkylenedioxy-
pyrroles, polycarbazoles and polyanilines). Additional
examples of electrochromic materials may include inorganic
compounds such as previously noted tungsten oxides, molyb-
denum oxides, and the like, and organic compounds such as
pyridine, aminoquinone, azine compounds, and the like.
[0039] The plasmonic structure of the present subject mat-
ter preferably includes a layer or one or more regions of the
electrochromic materials. As described in greater detail
herein, the layer or region(s) of electrochromic materials
typically has a thickness of from about 1 nm to about 100 nm,
more particularly from about 5 nm to about 50 nm, with from
about 15 nm to 20 nm and 20 nm being preferred for the
nanoslit configurations described herein. It will be appreci-
ated that a wide array of thicknesses can be utilized depending
upon the plasmonic structure and configuration of the
nanoslit(s).

[0040] The amount of electrochromic material deposited in
a nanoslit in the plasmonic structure can be quantified by
reference to a fill fraction. The term “fill fraction” as used
herein refers to the proportion of the volume of the nanoslit
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filled or occupied by the electrochromic material. As
described in greater detail herein, depending upon the elec-
trochromic material and the manner of its deposition in the
nanoslits, the material is typically in the form of nanopar-
ticles. And, for many electrochromic materials when depos-
ited in solid form, the materials are in a crystalline state, and
hence are periodically referred to herein as nanocrystals.
Generally, the fill fraction of the plasmonic structures is
within a range of from about 10% to about 30%, with 25%
being preferred for many applications. However, it will be
appreciated that the present subject matter includes the use of
fill fractions less than 10% and greater than 30%.

[0041] The present subject matter also provides an electro-
chromic device that has higher contrast and faster switching
speeds than an equivalent conventional thin film device. An
electrochromic material is deposited into subwavelength slits
which are formed in an electrode layer which orthogonalizes
the light path to the current and ionic diffusion paths. This
electrode geometry utilizes the transmission of light by sur-
face plasmon polaritons through subwavelength slits to
improve the performance of the electrochromic material. The
diffusion of ions through thicker films of electrochromic
material required to obtain reasonable optical contrast slows
down the switching speed of the devices considerably. The
“clear” or transparent state of the electrochromic material
also has a thickness dependent absorbance. Switching speed
is very important for many applications in the display field,
especially ones that require video rate capabilities. Using the
electrode configuration in accordance with the present sub-
ject matter will significantly improve both of these critical
factors. Combined with the electrochromic material, one can
prepare an electrode that will modulate different colors with
the same electrochromic transition. This would allow for the
construction of a one layer RBG display as compared to three
separate layers, that can use the same driving voltages instead
of three separate voltages for three separate electrochromic
colors.

[0042] Electrochromic devices in accordance with the
present subject matter generally comprise a plurality of the
previously described plasmonic structures which are exposed
to and in contact with, e.g. by immersion, in a suitable fluid
medium such as an electrolyte. The electrolyte can be any
appropriate electrolyte used in electrochromic applications as
known in the art.

[0043] Additional details regarding electrochromic
devices, their fabrication, and operation are provided in U.S.
Pat. Nos. 6,712,999; 7,884,994, and 7,944,597.

[0044] A sub-wavelength patterned electrode in accor-
dance with the present subject matter enables an electrochro-
mic material to have faster switching speeds and contrast
compared to an unpatterned electroactive material. It is also
possible to tune the electrochromic device’s color indepen-
dent of the electrochromic material used.

[0045] The present subject matter also provides methods of
improving the performance of a plasmonic device or structure
by incorporating effective amount(s) of one or more electro-
chromic materials within the plasmonic device or structure.
For the plasmonic structures described herein, incorporation
of'the electrochromic material is performed by depositing the
material along opposing sidewalls of the nanoslit in the plas-
monic structure.

[0046] In accordance with the present subject matter, an
electrochemically driven optical switch based on absorption
modulation of an SPP mode propagating in a metallic nanoslit
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waveguide containing nanocrystals of potassium iron
hexacyanoferrate dye, an electrochromic material commonly
known as Prussian Blue, is provided. The waveguide includes
a rectangular slit aperture of deep-subwavelength width in an
optically opaque Au film having a coating of the dye nanoc-
rystals on the walls of the slit. The dye nanocrystals are
preferentially grown or otherwise deposited on the slit side-
walls using cyclic voltammetry deposition. Optical transmis-
sion modulation with a switching contrast as high as approxi-
mately 96% in the red (A,=633 nm) is achieved by
electrochemically switching the dye between an optically-
absorbing oxidized “Prussian Blue” (PB) state consisting of
potassium iron(IIl) hexacyanoferrate(Il) (KFe,(CN),), and
an optically transparent reduced “Prussian White” (PW) state
consisting of potassium iron(I) hexacyanoferrate(I) (K,Fe,
(CN),).

[0047] High switching efficiency is enabled by the strong
spatial overlap between SPP and dye nanocrystals induced by
the deep-subwavelength-scale lateral confinement of the
optical mode in the slit, as well as from an anomalously large
absorption coefficient obtained for the PB state of Prussian
Blue nanocrystals grown on Au (compared to published val-
ues for bulk Prussian Blue). Finally, the relatively small
change in electrochemical potential required to convert the
dye nanocrystals from the PW state to the PB state (AV is
approximately -0.8 V) yields a practical electro-optical
switching device with control voltages not exceeding 1 V in
magnitude.

[0048] FIGS.9A and 11 schematically depict embodiments
of plasmonic electrochromic optical switches in accordance
with the present subject matter. Specifically, FIG. 9A illus-
trates a plasmonic assembly 100 comprising a substrate 10,
and one or more spaced apart regions 20 of an electrically
conductive material. The regions 20 are separated by nanoslit
(s) 25 as described herein. The spaced apart regions 20 can for
example be formed by depositing a layer of the electrically
conductive material and then forming the nanoslit(s) through
the thickness of the layer. The plasmonic assembly 100 of
FIG. 9A also comprises a layer 30 of an electrochromic
material and in certain versions of the subject matter, an
electrochromic polymer, disposed on the layer of the electri-
cally conductive material. More particularly, the layer 30 of
electrochromic material is disposed on opposing sidewalls of
the nanoslits 25. The plasmonic assembly 100 also comprises
an electrolyte 40 generally in contact with the layer 30 of the
electrochromic material and also disposed in the nanoslits 25.
FIG. 11 schematically illustrates another plasmonic assembly
200 generally paralleling the previously described assembly
100 of FIG. 9A, but including an optional waveguide layer 50
disposed between the substrate 10 and the electrically con-
ductive material 20.

EXAMPLES

[0049] Experimental devices were fabricated on fused
silica substrates coated with a 2 nm thick Ti adhesion layer. A
nanoslit-patterned sample (Sample A) in accordance with the
present subject matter, was formed by evaporation of an opti-
cally thick Au film of thickness 250 nm on one of the fused
silica substrates. Rectangular slits of width 50 nm and length
5 um were then milled through the Au film using a focused ion
beam (FIB). A scanning electron microscope (SEM) image of
one of the nanoslits of Sample A is shown in FIG. 1A. In
addition, a semi-transparent unpatterned reference sample
(Sample B) was formed by evaporating a Au film of thickness
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30 nm on another fused silica substrate. Samples A and B
were then used as working electrodes in a spectro-electro-
chemical cell (“WE’ in FIG. 1B). An O-ring of diameter 15
mm, clamped between the substrate and the body ofthe cell to
form a water-tight seal, defined the geometric area of the
working electrode. Prussian Blue deposition on Samples A
and B was carried out in an electrolyte solution containing 5
mM K, Fe(CN), in 0.1 M HCIO,, using a saturated sulfate
reference electrode (SSE) (‘RE’ in FIG. 1B) separated by a
Luggin capillary, and a coiled Pt wire counter electrode (‘CE’
in FIG. 1B). A microscope connected to a spectrometer/Si
CCD camera was used to measure the optical transmission of
Samples A and B under normal incidence illumination at
7o=033 nm. In the case of Sample A, the incident light was
polarized with electric field orthogonal to the slit length. The
optical transmission and the working electrode current were
recorded simultaneously during the ferrocyanide/ferricya-
nide redox reaction as the potential was cycled at a rate of 10
mV/s between —-0.8 V to 0.7 V (SSE). RE, CE, and WE
correspond to the reference electrode, counter electrode, and
working electrode respectively.

[0050] A series of cyclic voltammograms (CVs) were per-
formed using the semi-transparent reference Sample B facing
a solution of K,Fe(CN), in 0.1 M HCIO, (FIG. 2A) while
simultaneously monitoring the optical transmission (FIG.
2C). The first CV is typical of a ferricyanide/ferrocyanide
redox couple. However, on the sixth cycle, a small peak
emerges at approximately -0.4 V (SSE) on the cathodic
sweep. After 300 cycles, additional peaks located at approxi-
mately —0.4 V (SSE) and approximately 0.35 V (SSE) are
clearly visible. The location of these peaks is consistent with
the published redox behavior of Prussian Blue. Additional
peaks at approximately 0.4 V (SSE) and approximately 0.35
V (SSE) at higher number of cycles consistent with the redox
behavior of Prussian Blue are clearly evident. A correspond-
ing similar evaluation was performed using the Sample A in
accordance with the present subject matter is shown in FIG.
2B, and addressed in greater detail. Corresponding normal-
ized optical transmission through Sample B (FIG. 2C) and
Sample A (FIG. 2D) are shown. The arrows in FIGS. 2A-2D
indicate the direction of the potential sweep during the anodic
cycle.

[0051] The characteristic deep blue color of the dye in the
PB state is due to charge transfer from the carbon surrounded
Fe(Il) to the nitrogen-surrounded Fe(IIl). Reduction of the
dye in the PB state is accomplished by diffusion of electrons
(from Au) and K* ions (from solution) into the film, leading to
conversion into K,Fe,(CN),, commonly known as Prussian
White or Everitt’s salt, while oxidation of the dye in the PB
state is accomplished by out-diffusion of electrons and ions,
leading to conversion into Fe,(CN)g, commonly known as
Berlin Green. Deposition of Prussian Blue by CV on Au or Pt
working electrodes from a weakly acidic ferricyanide (K;Fe
(CN),) solution has previously been reported along with a
general description of the deposition mechanism. The ferri-
cyanide dissociates into free ferric ions according to the fol-
lowing reaction (I):

Fe(CN)> +6H*<$> Fe**+6HCNT 10}

so that a mixture of ferric and ferricyanide is present in
solution. Dissociation is strongly pH dependent which par-
tially explains why Prussian Blue deposition is favored in
acidic solutions. On the first cathodic cycle, both the ferric
and ferricyanide are reduced to ferrous and ferrocyanide.
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Ferrocyanide ion reacts with ferrous ion in the presence of K*
to form material in the PW state on the working electrode
surface. The PW state is then converted to the PB state upon
oxidation. The extremely low ferric ion concentration leads to
a dense and crystalline layer of deposited material. The depo-
sition rate can be quantified by integrating the PB/PW reduc-
tion current, assuming the following electrochemical reaction

(ID):

KFeFe(CN)g+e +K > K,FeTFe’ (CN)4 I

[0052] The datain FIGS. 2A and 2B was examined and the
present inventors determined that on average each cycle gen-
erates about 4x107"! mol/cm® of KFeFe(CN),, which corre-
sponds to approximately 0.1 monolayers. Based on this
growth rate, 200 cycles would produce a film of thickness
approximately 20 nm, assuming uniform deposition. Note
that the CVs collected for Sample B (FIG. 2A) and Sample A
(FIG. 2B) are nearly identical, indicating that deposition of
Prussian Blue progressed in a similar manner for the two Au
substrates. Specifically, referring to FIG. 4, a secondary elec-
tron microscope (SEM) image is shown of a sample consist-
ing of a sputtered Au film on a glass substrate (Au thickness
01250 nm), incorporating two focused ion beam milled slits
of width approximately 50 nm each. The individual slit
dimensions are identical to those used in the optical switching
evaluations described in conjunction with FIGS. 2B, 2D, and
2F. The image was acquired after 51 cycles of deposition of
Prussian Blue onto the sample surface. Preferential deposi-
tion of Prussian Blue nanocrystals on the side walls of the slits
is apparent, with a slit fill fraction of approximately 25%.

[0053] During the anodic sweep, the transmitted optical
intensity measured through both semi-transparent reference
Sample B (FIG. 2C) and nanoslit-patterned Sample A (FIG.
2D)is observed to drop from a more transmissive state below
-0.4 V to a more absorbing state between O V to 0.2 V,
consistent with switching of the dye from PW state to PB
state. Measurement of optical intensity can be characterized
by optical switching contrast. Optical switching contrast as
referred to herein is based upon transmitted light intensity at
transmissive and absorbing states [, and [,z 1o and 1 ozp
are defined herein as the transmitted light intensity at voltages
of =0.7 V and at 0 V, which are representative of the trans-
missive and absorbing states, respectively, yielding an optical
switching contrast defined as y=(1,5~I,zz)/1on- For both
Samples A and B, v increases as a function of the number of
cycles, reaching a maximum asymptotic value of approxi-
mately 30% after 200 cycles for Sample B and approximately
96% after only 51 cycles for Sample A. In the case of Sample
A, optical switching between approximately -0.4 V (SSE)
and approximately 0.35V (SSE), consistent with the Prussian
Blue redox transitions, is evident as early as during the first
cycle (FIG. 2D), with an initial switching contrast y of
approximately 30%. In comparison, the planar device con-
figuration of Sample B requires approximately 50 cycles for
a clear modulation in optical transmission to emerge. Normal
incidence SEM images of reference Sample B after 300
cycles of deposition and nanoslit-patterned Sample A after 51
cycles are shown in FIG. 2E and 2F, respectively. Reference
Sample B appears nearly completely covered with cubic crys-
tallites ranging in width from a few to over one hundred
nanometers. In the case of Sample A, the crystallites are
observed to deposit preferentially on the nanoslit sidewalls.
Preferential deposition in the nanoslit was further confirmed
by high resolution SEM imaging down the length of the slit
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using a sample tilt of 52° (as shown and described in FI1G. 4),
as well as by scanning Auger electron spectroscopy (FIG. 5)
collected following several cycles of deposition. The Auger
electron microscope image (FIG. 5) shows a sample consist-
ing of a sputtered Au film on a glass substrate (Au thickness
01250 nm), incorporating two focused ion beam milled slits
of'width approximately S0 nm. The individual slit dimensions
are identical to those used in the optical switching evaluations
previously described. Auger electron spectra (insets in FIG.
5) are acquired after 5 cycles of deposition of Prussian Blue
onto the sample surface. Elemental maps indicate preferential
deposition of Prussian Blue inside the nanoslits, as evidenced
by detection of Fe and N only in those regions.

[0054] X-ray diffraction patterns collected on both
Samples A and B confirmed that the cubic nanoparticles were
(100)-oriented crystallites of Prussian Blue. FIG. 6 illustrates
an X-ray diffraction pattern of a sample consisting of a 50 nm
thick Au film on glass (semi-transparent reference Sample B)
after 300 cycles of Prussian Blue deposition. The diffraction
pattern is collected using a powder diffractometer and Cu
K-alpha X-rays (0.154 nm). On the basis of SEM images
acquired after a wide range of number of deposition cycles it
is estimated that the fill fraction of crystallites in the nanoslits
of' Sample A reaches a maximum value of approximately 0.25
after approximately 50 deposition cycles, with an average
crystallite width of approximately 20 nm. This observed satu-
ration in nanoslit fill fraction explains why switching contrast
y does not significantly increase beyond approximately 96%
with further deposition beyond 50 cycles. The optical switch-
ing contrast performance of Samples A and B as a function of
number of deposition cycles is summarized in FIG. 3. Sig-
nificantly higher switching contrast is evident in the case of
the nanocrystal decorated slit geometry (Sample A). The error
bars represent the standard deviation of the variation in
recorded intensity resulting from the noise of silicon CCD
detector.

[0055] To understand the origin of the large magnitude
observed for the optical switching contrast of nanoslit sample
A, two dimensional finite difference time domain (FDTD)
simulations were used to replicate light transmission through
a nanoslit containing dye nanocrystals switched between PW
and PB states. The simulated structure consisted of a 50 nm
wide slit in a 250 nm thick Au film on glass immersed in a
medium of index of refraction 1.33 (replicating the aqueous
environment of a typical electrochemical cell). Dye nanoc-
rystals were modeled as 20 nmx20 nm squares evenly dis-
tributed on the slit sidewalls, with a slit fill fraction of
approximately 25%. The indices of refraction initially used to
model PW and PB states, respectively n,,;=1.371 and npz=1.
371+i 0.186, were obtained from literature values for Prus-
sian Blue in bulk form. Illumination consisted of a continuous
frequency linearly polarized electromagnetic wave of wave-
length A.,=633 nm, with electric field polarized orthogonal to
the width of the slit. Simulations reveal that the presence of
SPP modes in the slit with intensity maxima concentrated on
the slit sidewalls. Simulated transmitted light intensities
under transparent PW and absorbing PB nanocrystal states,
respectively I, and Iz, yield a theoretical switching con-
trast Yepr—Upp~lps)/155=33.8%, which is significantly
smaller than the measured switching contrast shown in FIG.
3. The measured switching contrast y of approximately 96%
could be matched in simulation by setting npz=1.371+i11.5,in
other words assuming an eight-fold increase in the imaginary
part of the index of refraction.
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[0056] Specifically, FIG. 7 shows sample and illumination
geometry used for two-dimensional finite difference time
domain (FDTD) simulations of transmission through a
nanoslit filled with Prussian Blue nanocrystals, as they are
switched between PB and PW states. I and 15, -, represent,
respectively, the light intensity of the incident plane wave and
the transmitted light intensity into the far field on the exit side
of the device. E, H, k represent electric field polarization,
magnetic field polarization and propagation wave vector of
the incident plane wave (A,=633 nm), respectively.

[0057] The deposition rate can be quantified by integrating
the PB/PW reduction current from voltammograms similar to
those shown in FIGS. 2A-2D. Only the current associated
with the sharp reduction peak at -0.4 V is integrated. Ferri-
cyanide reduction to ferrocyanide is considered background
current and is subtracted from the PB/PW current. A typical
charge density versus cycle number plot is shown in FIG. 8.
[0058] The slope of a linear fit of the data yields a charge
density per cycle (Qpg,,.) of 4.0 uC/ (cm?-cycle). This can be
converted to moles of PB per cycle (Npg,.,,.) using Faraday’s
law, as shown in equation (III):

Oprs/eye (1D
Npgieye = Ty

where n is the number of electrons passed per mole of PB
reduced and F is Faraday’s constant (96500 C/mol). It is
assumed that PB reduction is described by the following
electrochemical reaction (previously noted equation (II)):

KFeF(CN) g+ +K*+ € K, Fe/Fe(CN) (D

which defines n as 1.0. This yields a value for Npg,,. of
4x107"! mol/cm? of KFeFe(CN)4 per cycle. The coverage
calculation (in monolayers) assumes a cubic unit cell with
10.13 A lattice parameter and that each unit cell contains
3KFe™Fe”(CN),. This yields a KFeFe(CN), coverage of
approximately 0.1 monolayers per cycle. Based on this
growth rate, 200 cycles would produce a film approximately
20 nm thick, assuming uniform deposition.

[0059] The switching speed of an electrochromic light
modulator is fundamentally limited by the diffusivity of com-
bined charge (electrons and ions) through the thickness of the
active electrochromic layer when exchanged with a liquid or
solid state electrolyte. Device implementations to date typi-
cally rely on direct, normal incidence transmission of light
through bulk, planar films of electrochromic material. Given
the relatively long optical absorption lengths characteristic of
bulk electrochromic materials in their absorbing state,
switching contrast of sufficiently high level for practical
device operation (approximately 80% for PEDOT:PSS) can
only be achieved via the use of an active electrochromic layer
with relatively large thickness values on the order of approxi-
mately 1 micron. Typical charge diffusivities then limit
device switching times to relatively long times such as on the
order of 2 seconds to 5 seconds.

[0060] The nanoslit-based electrochromic device of the
present subject matter achieves a high optical switching con-
trast (approximately 96%) without the usual requirement of a
thick electrochromic layer. Instead, the electrochromic
device exploits a novel geometry in which the electrochromic
material is present in the form of a collection of Prussian Blue
cubic crystals of nanoscale lateral dimension (approximately
20 nm) and which are packed in a manner which is highly
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porous to the liquid electrolyte. As a result, the maximum
distance between the electrolyte and any point of the volume
of the electrochromic material does not exceed approxi-
mately 10 nm on average. A value of approximately 107+
cm?/s for the combined (electron/ion) charge diffusivity
(based on the published value for bulk Prussian Blue), then
implies a diffusion limited time constant of approximately 0.6
seconds, yielding an equivalent estimated value for the theo-
retical minimum switching time of the device. Measurements
of the switching speed of the nanoslit-based electrochromic
device, modulated with an optical contrast of approximately
96%, yield a substantially higher switching time of approxi-
mately 2 seconds. It is believed this value response to be
limited however by the resistive-capacitive (RC) time con-
stant of the electrochemical cell, which is not optimized for
speed.

[0061] Inanother setof evaluations, two distinct plasmonic
electrochromic optical switches were fabricated to imple-
ment fast switching color display pixels, one incorporating
Au and one incorporating Al. The first device (“Au-PECOS”,
FIG. 9A) incorporates optically opaque, 250 nm thick Au film
(“electrode”) patterned with a slit array (nominal slit width:
50 nm) and coated with a thin layer electrochromic (EC)
polymer of polyaniline. The device is immersed in an elec-
trolyte solution (see methods section). A voltage is then
applied between the Au film and a Pt counter electrode (not
shown), also immersed in the solution. A voltage applied to
the electrode causes electrons (from the metal) and ions (from
the electrolyte) to either flow in (reduction) or out (oxidation)
of the polymer, thus changing its state of charge and, there-
fore, its optical characteristics. In the Au-PECOS, light trans-
mitted through the slits travels as an SPP wave with field
maxima at the interface of the metallic sidewalls and the EC
polymer, defining the slit depth as the effective optical thick-
ness (which in the present case can exceed the EC active
material thickness by more than a factor of one hundred).
Strong optical absorption can then be obtained using a thin
polymer layer, while simultaneously achieving a fast switch-
ing time due to correspondingly small charge propagation
distance (normal to film surface and orthogonal to direction of
light propagation) required to fully switch the EC film. This
combination of efficient contrast modulation and switching
speed cannot readily be achieved in a more straightforward
non-plasmonic  electrochromic  optical switch (“Au-
NECOS”) device configuration (FIG. 9C) relying on direct
interaction of light transmitted through a planar, un-patterned
EC polymer layer, normal to the polymer surface. The device
electrode in this case is provided by a semi-transparent,
highly transmitting thin Au film bearing the polymer thin film
(with the Pt counter electrode once again not shown in the
figure). The device 5 depicted in FIG. 9C includes a substrate
1, alayer 2 of an electrically conductive material, a layer 3 of
an electrochromic material, and an electrolyte 4. Achieving
an effective EC optical thickness and switching contrast com-
parable to that of a plasmonic-enhanced device such as Au-
PECOS then implies use of a thicker polymer layer, leading to
correspondingly longer charge transfer distances and slower
switching speeds.

[0062] Patterned EC devices corresponding to the Au-PE-
COS geometry (FIG. 9A) were fabricated by evaporation of a
250 nm thick Au film onto a 25 mmx25 mm borosilicate glass
substrate (coated with a 5 nm thick Ti adhesion layer), fol-
lowed by focused ion beam (FIB) milling of a slit array
(nominal slit width w=50 nm; pitch P=500 nm) over a 100
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umx100 pm area. SEM images of the resulting array, before
and after deposition of polyaniline by potentiodynamic
cycling to a thickness d being approximately 15 nm (where d
was calculated from the total cathodic charge density), are
shown in FIG. 9B. Similar Au-PECOS nanoslit arrays were
coated instead with polyaniline films ofthicknesses d ranging
from about 1.7 nm to about 25 nm. Planar EC devices corre-
sponding to the Au-NECOS geometry (FIG. 9C) were also
fabricated by depositing polyaniline films of thicknesses
similar to those of Au-PECOS on glass substrates coated with
25 nm thick Au films (on 5 nm thick Ti adhesion layers). A
custom built photoelectrochemical cell was used to switch the
polyaniline films between the clear leucoemeraldine state
(-0.2V vs. Ag/AgCl) and the green emeraldine state (0.3 V vs
Ag/AgCl). The films were not further oxidized to the emer-
aldine base or the pernigraniline states to avoid polymer deg-
radation over thousands of switching cycles. A HeNe laser
(wavelength of 633 nm) was used to illuminate both Au-
PECOS and Au-NECOS devices while the polymer was
cycled between the clear and absorbing states. The transmit-
ted light intensity was detected using an inverted microscope
and either a CCD camera or a photodiode.

[0063] FIG. 10A displays the transmitted light intensity |
versus time t, for, respectively, Au-PECOS and reference
Au-NECOS structures (both coated with a polyaniline film of
thickness of approximately 25 nm), given an abrupt step
transition in applied voltage from -0.2 V and 03 V (vs.
Ag/AgCl) at time t=15 s. FIG. 10B plots the switching con-
trasty=(I ;n~1 571 o5 Versus polyaniline film thickness d for
both devices, where [, and 1., refer to, respectively, the
transmitted intensity in the clear (0.2 V vs. Ag/AgCl) and the
emeraldine (+0.3 V vs. Ag/AgCl) states. The function y(d) for
the reference Au-NECOS specimen can be well fitted with a
simple exponential yielding an extinction coefficient k of
approximately 0.1. This value is similar to that measured for
thin polyaniline in the emeraldine state using in-situ ellip-
sometry. On the other hand, the increase in absorption with
film thickness for the Au-PECOS array appears linear with a
noticeable roll off beyond d=15 nm. In FIG. 10C, the trans-
mitted light intensity measured using the photodiode is plot-
ted versus time (under voltage switching conditions of FIG.
10B) for Au-PECOS and Au-NECOS devices, each coated
with approximately 15 nm thick polyaniline films. The
switching speed T for each device versus polyaniline film
thickness is summarized in FIG. 10D. Finally, a Au-PECOS
device coated with a 15 nm thick layer of polyaniline and
illuminated at a wavelength of 633 nm was also fabricated
while switching the voltage between -0.2 V and 0.3 V versus
Ag/AgCl. These results illustrate that while the optical
switching speeds for EC films of identical thickness on the
plasmonic nanoslit array and unpatterned electrodes, respec-
tively, have similar values, e.g. about 50 ms for a 75% change
in intensity, the difference in optical contrast is considerable,
e.g. about 35% for the unpatterned Au-NECOS structure,
versus approximately 87% for the Au-PECOS nanoslit array.
It is important to note that though the wavelength chosen for
these evaluations, A=633 nm, is far from the wavelength of
maximum optical absorption for emeraldine, e.g. about 800
nm, the combination of high spatial overlap and long inter-
action length between SPPs and EC material in the Au-PE-
COS configuration results in high optical absorption even at
wavelengths far from the peak absorption values for the EC
polymer.
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[0064] The ability to effectively absorb light over a broad
spectral range implies that PECOS devices employing a
single EC polymer could function as switchable color pixels,
provided that color selectivity is achieved by means other
than the spectral characteristics of a particular EC polymer.
Plasmonic structures, including slit arrays, have been used in
the past as color filters. The period of the slits controls the
band of light that the array will transmit. By changing the
period, one can tune the SPP enhancement to a specific band
within the switchable range of the electrochromic material. In
the present subject matter, PECOS color switches are pro-
vided which utilize Al, a low-cost, earth-abundant metal that
supports SPPs with low optical losses in the UV and visible
part of the spectrum. Because Al forms an approximately 4
nm thick native oxide layer that makes electrodeposition on
Al challenging, a 5 nm thick conformal coating of platinum
was deposited using atomic layer deposition, prior to elec-
trodeposition. In this manner, a hybrid aluminum electrochro-
mic plasmonic optical switch is provided (“Al-PECOS”, FIG.
11) that combines the attractive plasmonic performance and
low cost aspects of Al with the electrochemical properties of
Pt. To further narrow the spectral linewidth and increase the
viewing angle, a Si;N, waveguide layer was incorporated
underneath the constituent slit array. AI-PECOS devices were
prepared via physical vapor deposition of a Si; N, waveguide
layer (thickness: 170 nm) on a 25 mmx25 mm borosilicate
glass substrate, followed by electron beam evaporation of Al
to a thickness d=250 nm. Slits of nominal width w=50 nm
were then patterned through the Al to form individual fields of
area 10 umx10 pm, with respective periods P ranging from
240 nm to 390 nm in steps of 30 nm. Poly(2,2-dimethyl-3,4
propylenedioxythiophene) (Poly(ProDOT-Me,)), selected as
the EC polymer for these structures due to the broad optical
absorption characteristics from 400 nm to 700 nm and its
relatively long term stability, was finally deposited on the slit
arrays, to a thickness of about 15 nm. FIG. 12 displays the
normalized optical transmission spectra of the fabricated Al-
PECOS devices, along with corresponding optical micro-
graphs, for both “on” and “off” states of the polymer. The
ability to prepare a fast, switchable, high-contrast, color-
tunable device from one electrochromic polymer greatly
expands the potential use, application, and ability of the mate-
rial set.

[0065] In the various operations and methods described,
details are as follows.

[0066] Gold film and slit preparation. Gold, titanium, and
aluminum films were prepared by electron beam evaporation
onto pre-cleaned ultra-flat glass. Subwavelength slits were
prepared by focused ion beam (FIB) milling using a dual-
beam (FIB/SEM) system (Ga* ions, 30 keV beam energy).
[0067] Synthesis of polymer. Polyaniline was synthesized
electrochemically from a 2 M HNO; solution containing 15
mM aniline. Cyclic votammetry was employed to deposit the
films at 30 mV/s from -0.2 V to 1.05 V vs. Ag/AgCl. The
thickness of the film was controlled by varying the number of
cycles. PolyProDOT-Me, was synthesized with chrono-
amperometry at 1.3 V versus Ag wire from a ProDOT-Me,
solution in acetonitrile with 0.1 M TBAP as an electrolyte.
[0068] Characterization of polymer electrodes. Polyaniline
coated gold electrodes were characterized with AFM and
SEM to confirm film thicknesses and the filling of the slit
arrays. Cyclic voltammetry in a switching solution of 0.1 M
HNO; and 1 M NaNO; confirmed the electrochemical prop-
erties of the polyaniline films. PolyProDOT-Me2 was
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switched in a 0.1 M LiClO, solution in a mixture (2:1) of
dimethyl carbonate and ethylene carbonate.

[0069] Spectroelectrochemical measurements. Polymer
coated electrodes were isolated in a custom built spectroelec-
trochemical cell. Pt coated glass served as the counter elec-
trode and a micro Ag/AgCl electrode was used as a reference.
All measurements were taken with the same electrolyte solu-
tion and in the same cell geometry. Samples were irradiated
with a HeNe laser at 633 nm in a microscope. The transmitted
light was collected with an amplified photodiode or a spec-
trometer.

[0070] In certain aspects of the present subject matter, a
plasmonic structure in the form of an electrochromic optical
switch is provided comprising nanocrystals of Prussian Blue
dye electrochemically deposited in a nanoslit plasmonic
waveguide, and electrochemically switched between absorp-
tive and transmissive states. High switching contrast, evi-
denced here by measurements at A,=633 nm, is enabled via
strong spatial interaction between light and active material
under the respective form of SPPs propagating along the
surface of the slit sidewalls and a thin layer of Prussian Blue
nanocrystals located on the same surfaces. Device switching
contrast is further enhanced by the anomalously large intrin-
sic absorption coefficient found to characterize Prussian Blue
nanocrystals grown on an Au surface. As a result, the switch
is able to operate efficiently under conditions of a relatively
low fill fraction of active material in the slit (approximately
25%), leading to large contact area with the electrolyte. The
resulting orthogonalization between the directions of light
propagation, parallel to the depth of the slit, and that of charge
transport from the electrolyte to ultra-thin active material,
largely parallel to the width of the slit, offers significant
promise for the realization of electrochromic devices with
significantly reduced switching speeds.

[0071] An integrated plasmonic electrochromic optical
switch (PECOS) consisting of a few monolayers of Prussian
blue EC dye deposited inside a subwavelength slit in a Au
film, which achieved near 100% optical switching contrast
has been demonstrated. The thinness of the EC layer, about 20
nm, implies that very fast switching speeds can be achieved in
this novel device configuration. Optical transmission through
slit apertures of deep-subwavelength width dimensions
involves the transport of optical intensity by surface plasmon
polaritons (SPPs), travelling electromagnetic waves bound at
metal-dielectric interfaces and sustained by surface-charge
density oscillations. The near 100% switching contrast real-
ized in the single slit PECOS was the result of high spatial
overlap and long interaction length between the SPPs and the
active material located on the slit sidewall. In addition, arrays
of'plasmonic nanoslits, i.e. slits of deep subwavelength width
in an opaque metal film such as Au, Ag, or Al, can function as
color filters, making it possible to tune the frequency band
modulated by the EC transition. Tuning the pitch of the plas-
monic grating to have maximum transmission at a target
wavelength within the switchable range of the EC material
enhances transmission for that specific wavelength and sup-
presses the others via first order interference of SPPs.
Coupled with the speed and contrast enhancement from the
nanoslit geometry, this color selectivity greatly improves the
viability of EC materials for display applications as a video
rate, single layer, single material device can be produced.
Inherent in the application is the ability to tune the color
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balance or white balance of the display by combining differ-
ent numbers of pitches responsible for the different color
bands.

[0072] In still other aspects of the present subject matter,
subwavelength plasmonic nanopores, apertures and slit
arrays provide fertile ground for enhancing optically sensitive
materials as well as detecting small amounts of material. The
plasmonic substrate enhances the optical performance of the
conformal coating of electrochromic material, yielding a
device with the charge transfer properties of a thin film and
the optical properties of a thick film, while also permitting
electrical control over the SPP wavelength and intensity.
Hybrid electrodes enable the use of a bi-metallic system:
platinum for chemistry and attachment, and aluminum for
cost and plasmon-enhancement into the ultraviolet. Tuning
the periodic structure of the subwavelenth arrays controls the
properties of the light interacting with the material deposited
on the electrode and provides control over the SPP-based
enhancement. Combining all of these concepts, devices can
be fabricated from the single light blue to dark blue electro-
chromic transition of Poly(ProDOT-Me,) that is tunable
across the visible spectrum. The speed and contrast enhance-
ment resulting from the SPP interaction with the conformal
coating of electrochromic material provide a pathway to a
single-layer, full color, high contrast, bi-stable, low power
display with video-rate capabilities. Further, by selecting the
proper electrochromic material for the application one can
prepare a high speed shutter or switch to electronically con-
trol the properties of SPPs in an optical device. Larger area
devices can be fabricated with nanoimprint lithography. The
enhancement observed for the conformal coating of electro-
chromic material can be translated to any optically sensitive
material with thickness-dependent properties, such as charge
diffusion length, with applications ranging from catalysis to
photovoltaics.

[0073] In the case of electrochromics, the present subject
matter would allow electrochromic devices to have signifi-
cantly higher contrast and faster switching speeds while using
less electrochromic material and switching power. Addition-
ally a multi-color single layer display can be driven with the
same voltages for each color.

[0074] Although the present subject matter has been prima-
rily described with regard to plasmonic/electrochromic
switches or structures operating in transmission, it will be
understood that the present subject matter includes the use of
the structures and/or devices operating in other modes such as
for example reflection mode. Specifically for example, the
present subject matter includes displays utilizing the plas-
monic/electrochromic switches or structures operating in
reflective mode. That is, the switches or structures could be
visible as a result of background or ambient light and there-
fore an active backlight would not be required.

[0075] In certain applications, the one or more nanoslits
may not extend entirely through the thickness of the film or
electrically conductive material as generally described
herein. That is, in certain versions of the present subject
matter, the nanoslit(s) may extend only partially through the
thickness of the film. For example, the nanoslits may extend
about 10%, about 20%, about 30%, about 40%, about 50%,
about 60%, about 70%, about 80%, about 90%, or less than or
more than these percentages (percentages are based upon the
total thickness of the film or electrically conductive material).
For certain reflection mode devices, the nanoslits need not
extend entirely through the thickness of the film. The depth of
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the nonoslits can be tuned to optimize device performance.
For example, the nanoslits depth can be tailored to obtain
desired spectral characteristics for the device when operating
in reflection mode.

[0076] The present subject matter is not restricted to elec-
trochromic materials, as it can be applied to any optically
active medium. The main benefits stemming from the decou-
pling of the light path from the current and ionic diffusion
paths include; less material (thinner film) required to have the
same physical properties as a thicker flat film, and less power
for the same or improved performance (higher contrast, faster
response). The spatial properties of the nanostructured elec-
trodes and SPP generation enable one to control the wave-
length of light transmitted. This electrode geometry can be
extended to any material which has optical sensitivity and/or
thickness-dependent properties.

[0077] Additional description of plasmonic structures,
their formation, and operation are provided in Cai W., White
J. S., and Brongersma M. L.; “Compact, High-Speed and
Power-Efficient Electrooptic Plasmonic Modulators™; Nano
Letters, Vol. 9, No. 12, 2009; and Haraguchi M., Tuchi K.,
Sokabe H., Okuno T., Okamoto T., Fukui M., Okamoto K.,
and Tagawa S., “Gap Plasmon Waveguide With a Stub: Struc-
ture for a Wavelength Selective Device,” Plasmonics,
Nanoimaging, Nanofabrication, and their Applications V,
Proc. Of SPIE Vol. 7395, 2009.

[0078] The present subject matter will find potential appli-
cation in reflective and transmissive displays and sensors,
active waveguiding, SPP control, plasmonic enhancement
and catalyst materials and solar cells.

[0079] Many other benefits will no doubt become apparent
from future application and development of this technology.
[0080] All patents, applications, and articles noted herein
are hereby incorporated by reference in their entirety.

[0081] As described hereinabove, the present subject mat-
ter overcomes many problems associated with previous strat-
egies, systems and/or devices. However, it will be appreciated
that various changes in the details, materials and arrange-
ments of components, which have been herein described and
illustrated in order to explain the nature of the present subject
matter, may be made by those skilled in the art without depart-
ing from the principle and scope of the claimed subject mat-
ter, as expressed in the appended claims.

What is claimed is:

1. A plasmonic structure comprising:

a substrate;

an electrically conductive film disposed on the substrate,

the film defining an outer face, the film also defining at
least one nanoslit extending through at least a portion of
the thickness of the film, the nanonslit defining opposing
sidewalls; and

an effective amount of an electrochromic material disposed

on the sidewalls of the nanoslit.

2. The plasmonic structure of claim 1 wherein the at least
one nanoslit extends though the entirety of the thickness of
the film.

3. The plasmonic structure of claim 1 wherein the substrate
is selected from the group consisting of fused silica, fused
quartz, and glass.

4. The plasmonic structure of claim 1 wherein the electri-
cally conductive film is selected from the group consisting of
gold, silver, aluminum, indium tin oxide, and combinations
thereof.
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5. The plasmonic structure of claim 1 wherein the electri-
cally conductive film is from about 50 nm to about 500 nm in
thickness.

6. The plasmonic structure of claim 1 wherein the nanoslit
has a width of from about 10 nm to about 100 nm.

7. The plasmonic structure of claim 6 wherein the nanoslit
has a width of about 50 nm.

8. The plasmonic structure of claim 1 wherein the electro-
chromic material is in the form of a layer of nanoparticles
having a thickness of from about 1 nm to about 100 nm.

9. The plasmonic structure of claim 1 wherein the layer of
nanoparticles of electrochromic material is an electrochromic
polymer.

10. The plasmonic structure of claim 1 wherein the effec-
tive amount of the electrochromic material is such that the fill
fraction of the electrochromic material in the nanoslit is from
about 10% to about 30%.

11. The plasmonic structure of claim 10 wherein the fill
fraction is about 25%.

12. The plasmonic structure of claim 1 wherein the plas-
monic structure is in the form of an optical switch and exhibits
an optical switching contrast of at least 70%.

13. The plasmonic structure of claim 12 wherein the switch
exhibits an optical switching contrast of at least 80%.

14. The plasmonic structure of claim 13 wherein the switch
exhibits an optical switching contrast of at least 90%.

15. An electrochromic device comprising:

a fluid medium in the form of an electrolyte;

a plurality of plasmonic structures, each plasmonic struc-
ture including (i) a substrate, (ii) an electrically conduc-
tive film disposed on the substrate, the film defining an
outer face and at least one nanoslit extending through at
least a portion of the thickness of the film, the nanoslit
defining opposing sidewalls, and (iii) an effective
amount of an electrochromic material disposed on the
sidewalls of the nanoslit;

wherein each of the plurality of plasmonic structures are
exposed to, and in contact with, the fluid medium along
the outer face and within the nanoslit of the plasmonic
structure.

16. The electrochromic device of claim 15 wherein the at
least one nanoslit extends through the entirety of the thickness
of the film.

17. The electrochromic device of claim 15 wherein the
nanoslit has a width of from about 10 nm to about 100 nm.

18. The electrochromic device of claim 15 wherein the
electrochromic material is in the form of a layer of nanocrys-
tals disposed on the sidewalls of the nanoslit and having a
thickness of from about 1 nm to about 100 nm.

19. The electrochromic device of claim 15 wherein the
effective amount of the electrochromic material is such that
the fill fraction of the electrochromic material in the nanoslit
is from about 10% to about 30%

20. A plasmonic electrochromic optical switch compris-
ing:

a substrate;

a layer of an electrically conductive material disposed on
the substrate, the layer of electrically conductive mate-
rial defining a top face, the layer of electrically conduc-
tive material selected from the group consisting of gold,
silver, aluminum, indium tin oxide, and combinations
thereof;

at least one nanoslit defined in the layer of electrically
conductive material, the nanoslit extending through at
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least a portion of the thickness of the electrically con-
ductive material, the nanoslit defining opposing side-
walls;

a layer of an electrochromic polymer disposed on the top
face of the electrically conductive material and on the
nanoslit sidewalls;

an electrolyte in contact with the layer of the electrochro-
mic polymer and disposed between the opposing side-
walls of the nanoslit.

21. The plasmonic electrochromic optical switch of claim
20 wherein the nanoslit has a width of from about 10 nm to
about 100 nm and the thickness of the layer of the electro-
chromic polymer is from about 1 nm to about 100 nm.

22. The plasmonic electrochromic optical switch of claim
20 wherein the nanoslit extends through the entirety of the
thickness of the electrically conductive material.

23. A method of improving performance of a plasmonic
device utilizing an electrically conductive film disposed on a
substrate, the method comprising:

incorporating an effective amount of an electrochromic
material in the plasmonic device.

24. The method of claim 23 wherein the plasmonic device
includes at least one nanoslit defining opposing sidewalls,
whereby incorporating the electrochromic material is per-
formed by depositing an effective amount of the electrochro-
mic material on the sidewalls of the nanoslit.
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